Kinetic parameters, i.e. reaction order, pre-exponential factor and activation energy, for the oxidation reaction of the carbonaceous residue (tobacco dtar) remaining after the pyrolysis of tobacco shreds, should be essential factors governing the consumption rates of atmospheric oxygen and tobacco char, as well as the rate of heat evolution in the burning coal of a smouldering cigarette and, consequently, in turn in determining the burning rate and temperature. Therefore, these parameters, in addition to those for the pyrolysis of tobacco, seem to be indispensable for elucidating the smouldering mech.-anism of cigarettes. Reaction kinetics for the pyrolysis of tobacco have been studied to some extent (1 -5) in the course of studies on the medtanism of smouldering and/or smoke formation. There is, however, little information available on the oxidation of the tobacco char, though the oxidation of carbon as sudt in its various forms has been extensively studied (6 -9) . According to those works (6, 10) on carbon, the oxidation rate of carbon is generally limited by the rate of chemical reaction at low temperatures (below 1 100 °C -1 300 °C) and by the rate of oxygen transport at high temperatures (above 1100 °C -1 300 °C). In this study, thermogravimetry (TG), derivative thermogravimetry (DTG), differential scanning calorimetry (DSC) and isothermal weight ch.ange measurement of the tobacco dtar, prepared from pyrolysis of tobacco shreds, were carried out in a nitrogen atmosphere containing a certain amount of oxygen at a temperature below about 500 °C, where the tobacco char-oxygen reaction appeared to be controlled by the chemical reaction rather than by mass transfer. Applying n-th order isothermal homogeneous kinetic equations, apparent kinetic parameters for the overall oxidation reaction of the char were determined from the thermal analytical curves.
EXPERIMENTAL

Preparation of Tobacco Char
Tobacco shreds were pyrolyzed using a quartz flask (100 ml) in an atmosphere of helium at a flow rate of 100 ml!min. The flask containing three grams of tobacco shreds was heated in an electric furnace from ambient temperature to 550 °C at a constant heating rate of 20 °/min, then maintained at 550 °C for about two hours. The tobacco char left after the pyrolysis was ground to powder passing through an 80 mesh sieve and kept dry in a desiccator. Significant weight change was no longer observed from the TG curve when the char was reheated at 20 ° /min up to 550 °C in an atmosphere of helium, except for a weight loss owing to a desorption of adsorbates such as moisture.
Apparatus and Procedures
Thermal analyses of tobacco char were conducted with the aid of a simultaneous differential scanning calorimeter-thermobalance (Rigaku Denki Co., Model TG-DSC-8085D1) and a rapid heating thermobalance equipped with an infra-red image furnace (Shinku-Riko Co., Model TGD-3000RH). The former was used for thermal analyses under a constant heating rate in the range of 0.625 to 5 °C/min, and the latter was used for isothermal weight change measurements. All measurements were carried out in a nitrogen atmosphere of a flow rate of 100 ml!min, containing a certain amount of oxygen. At first, the tobacco char was held at 180 °C until there was no further weight change owing to the desorption of adsorbates, and then heated at a constant rate up to about 530 °C by the use of TG-DSC-8085D1 or heated momentarily up to a desired temperature and maintained isothermally until the oxidation was complete by the use of TGD-3000RH.
Other conditions were as follows:
Reference material: 
RESULTS AND DISCUSSION
Three types of tobacco, flue-cured, Burley and Matsukawa (a domestic variety), were used. Since the thermal characteristics of the chars prepared from these tobaccos were found to be closely similar, results obtained from flue-cured tobacco (leaf-1) were used representatively unless otherwise noted. Figure 1 shows typical thermal analytical curves (TG-DTG-DSC curves) of a tobacco char heated at 2.5 °C/min in an atmosphere of nitrogen containing 21 volume 0 /o of oxygen. General features of the thermal analytical curves of the tobacco char left after the pyrolysis of tobacco shreds were similar to those of the char obtained from cigarette coal by extinguishing a smouldering cigarette by putting the cigarette into an atmosphere of nitrogen. This finding indicates that the tobacco pyrolyzed char was subjected to much the same reactions and temperature histories as the char of the cigarette coal. As shown in Figure 1 , DTG and DSC curves for the tobacco char are similar in profiles. This implies that the evolution of heat accompanying the char oxidation is directly proportional to the weight loss of the char throughout the oxidation process. Based on the characteristic peaks observed on the DTG and DSC curves, the oxidation process of the tobacco char could be apparently divided into two steps (I and II). In step I, a discernible weight loss and an evolution of heat start at about 200 °C. A rapid decrease in weight accompanied by a sharp evolution of heat occurs in the temperature range of about 320 °C -400 °C, with a peak at 370 °C. In step II, a rapid weight loss takes place in the temperature range of about 410 °C-460 °C, showing a peak at about 445 °C. This rapid decline in weight is followed by a relatively slow decrease, finally leaving ash above 500 °C. Figure 2 illustrates TG-DTG-DSC curves of a partially oxidized char left after the oxidation of a tobacco pyrolyzed char in an air stream at 300 °C for 24 hours.
As can be seen from this figure, DTG and DSC peaks corresponding to the oxidation in step I almost disappeared, whereas those corresponding to that in step II were not affected by the partial oxidation and showed almost the same patterns as those for unoxidized char. Therefore, it may be presumed that the oxidation reactions in steps I and II should be independent of each other. A more reactive portion of the char will be responsible for the oxidation reaction in step I. With reference to kinetic analyses, the following assumptions have been made for simplicity's sake to determine the reaction rates and apparent kinetic parameters for both steps:
1. Diffusion of oxygen to the surface of the porous tobacco char is fast, so that the partial pressure of oxygen at the surface will be nearly equal to the ambient partial pressure, po 1 ,oo. Therefore, the reaction proceeds uniformly at the surface of the char, and the overall rate of the char oxidation reaction is controlled by chemical kinetics rather than by diffusion process (i.e. uniform reaction model (11)). This assumption seems to be reasonable in low temperature ranges (6, 10).
2. The. overall oxidation process of the tobacco char can be expressed by the following simplified equation:
Gaseous product, Bg, will be C0 2 (12) . The reduction of C0 2 to CO by the char seems to be negligible or minor at temperatures below 500 °C (1, 7, 12).
Strictly speaking, there remain some theoretical problems in the assumptions; however, such simplification is one of the practical approaches to determining the apparent kinetic parameters useful in predicting the overall rate of the char oxidation. Using the partially oxidized char, the oxidation rate for step II was first investigated under the isothermal conditions at a relatively low temperature such that the mass transport should not affect the results. Provided that the reaction surface area of the tobacco char particles is proportional to the amount of the char, A 8 , i.e. to the weight of the unreacted char, We-W, the rate of disappearance of the char, will be expressed by the following Arrhenius equation:
Next, an equation may be used to relate the weight loss of As to the conversion, a, of As into ash, Cs, and evolved smoke, Bg:
otw We' [3] Therefore, the rate of the tobacco char....: oxygen reaction is rewritten by combining equations 2 and 3 as follows:
[4] 
If the above assumptions are reasonable, a plot of In {1 -a) versus time, t, will yield a straight line with a slope of -k. Figure 3 shows tyoical plots of the logarithm of (1 -a) versus reaction time, t, for the oxidation in step II measured under the atmospheric pressure and isothermal conditions in the range of about 400 °C to 480°C.
Although first order plots shown in Figure 3 display a slight curvature, which may be a result of two or ~ore first order processes' occurring simultaneously, a reaction order of 1.0 gives a higher correlation coefficient than do others, regardless of original tobacco types, partial pressures of oxygen and temperatures examined. Thus, the overall rate of the tobacco char-oxygen reaction in step II can be expressed by equation 5.
As is obvious from equation 2, the rate constant, k, obtained from the slope of the linear plot shown in Figure  3 by the least squares method is given by: Table 1 . The values of activation energy, E, and preexponential factor, Z, are found to be in the range from 33 to 40 kcal/mol and from 5.5 X 10 9 to 4.5 X 10 11 I min atm''•, respectively. Kinetic parameters for the oxidation of carbon have been well known to be strongly affected by the form of carbon, the nature of the impurities present and experimental conditions (7, 8) . However, the majority of the results under various experimental conditions have shown that the order of reaction with respect to the oxygen partial pressure lies between zero and one with activation energy in the range of about 35 to 45 kcal/mol (7, 8, 9) . Kinetic parameters observed for the oxidation reaction of the tobacco char in step II also are within the range of those for the oxidation of carbon. Next, kinetic studies on the oxidation reaction in step I were also conducted under isothermal conditions for trial. However, this attempt was unsuccessful, because at temperatures above 330 °C the oxidation reactions in steps I and II occurred simultaneously and at temperatures lower than 330 °C the rate of weight loss was so slow that much more time than 24 hours was required for the measurement. Furthermore, the thermobalance used was not necessarily stable throughout such a long time. For these reasons, kinetic parameters for the oxidation reaction in step I were determined from TG curves as shown in Figure 1 , but not from the isothermal weight change measurements. Various methods for kinetic analysis of thermal analytical curves have been developed {13-18) by applying the isothermal homogeneous Arrhenius eq•Jation. Among them, Coats-Red/ern's method (14) was applied to the kinetic analysis of the TG curve for the oxidation process of t~e char in step I, Coats-Redfern's kinetic plots were made by changing the value of reaction order, n, from 0 to 2.0 in steps of 0.5. Typical Coats-Red/ern's kinetic plots for the weight loss of a tobacco char accompanying the oxidation reaction in step I are illustrated in Figure 5 . As shown in this figure, the best fitting linear plot was obtained when the value of n was close to unity regardless of heating rates, oxygen partial pressures and original tobacco types. Consequently, the overall rate of the weight loss, owing to the oxidation reaction of the char in step I, should be represented by equation 2, as well as in step 11.
Coats-Red/ern's kinetic plots corresponding to equation 2 will be expressed as: [11] Table 1 . Apparent kinetic parameters for the oxidation of tobacco char left after the pyrolysis of tobacco shreds.
Step I
Step 11 cutter-2 -: not measured Figure 6 shows sudt typical kinetic plots for the oxidation reaction of the tobacco char in step I. As can be seen from this figure, the reaction order with respect to the oxygen partial pressure, m, of 0.5 gave the best fitting plots. Thus, the overall reaction rate for the oxidation reaction of the dtar in step I could be expressed by equation 8 , as well as in step 11. Apparent kinetic parameters for the oxidation reaction determined from the straight line are summarized in Table 1 . There seemed to be no significant difference in kinetic parameters for the oxidation reaction in step I among the original tobacco types used. The values of activation energy and pre-exponential factor were found to be 19-21 kcal/mol and 5.9 X 10 5 -5.7 X 10 6 I min atm't., respectively. The value of activation energy agrees very closely with that for the rate of the tobacco shred-oxygen reaction under temperatures below 375 °C measured by Baker (1). The most typical heating rate at various positions in the burning coal of a cigarette during natural smoulder are 5 °C-20 °C/s; during a puff they are 200 °C-500 °C/s (2, 19, 20) . It is well known that the heating rate affects the temperature ranges at whidt a reaction occurs (2, 4, 20) . Using the kinetic parameters determined for the tobacco dtar-oxygen reaction, oxidation profiles (TG, DTG) of the dtar at a rapid heating rate that occurs inside a burning cigarette can be speculated. This is illustrated in Figure 7 . As the heating rate increases, the DTG peak is shifted toward high temperatures, and two DTG peaks observed in Figure 1 become less resolvable. Of course, these speculated results cannot be applied directly to the burning coal of a cigarette, because the burning rate of the dtar in the high temperature coal should be controlled jointly by both reaction kinetic and mass transfer processes, or by mass transfer process.
Further discussion and refinement of this subject will be made elsewhere.
SUMMARY
In this paper, thermal analyses (thermogravimetry, TG; derivative thermogravimetry, DTG; differential scanning calorimetry, DSC) of the tobacco char left after pyrolysis of tobacco shreds were carried out in a nitrogen atmosphere containing given amounts of oxygen under a linear heating or an isothermal condition. The principal object of the present work is to obtain apparent kinetic parameters useful in predicting the overall rate . of the tobacco dtar-oxygen reaction. The TG-DTG-DSC curves obtained under linear heating conditions showed that the oxidation process of the tobacco dtar apparently consisted of two main steps (I and 11), which were independent of each other. Assuming that a uniform reaction model based on reaction rate-determined processes could be applied to the tobacco char-oxygen reactions in both steps, the oxidation rates for both steps were determined. The results showed that the oxidation rates of both steps could be expressed as:
The values of activation energies, E, and pre-exponential factors, Z, for the oxidation reactions in steps I and II were found to be 19-2t, 33-40 kcal/mol and 5.9 X 10 5 -5.7X t0°, 5.5 X 10 9 -4.5 X t0 11 
